Enzymatic conversion of arabinoxylan requires α-L-arabinofuranosidases able to remove α-L-arabinofuranosyl residues (α-L-Araf) from both mono-and doublesubstituted D-xylopyranosyl residues (Xylp) in xylan (i.e., AXH-m and AXH-d activity). Herein, SthAbf62A (a family GH62 α-L-arabinofuranosidase with AXH-m activity) and BadAbf43A (a family GH43 α-L-arabinofuranosidase with AXH-d3 activity), were fused to create SthAbf62A_BadAbf43A and BadAbf43A_ SthAbf62A. Both fusion enzymes displayed dual AXH-m,d and synergistic activity toward native, highly branched wheat arabinoxylan (WAX). When using a customized arabinoxylan substrate comprising mainly α-(1 → 3)-L-Araf and α-(1 → 2)-L-Araf substituents attached to disubstituted Xylp (d-2,3-WAX), the specific activity of the fusion enzymes was twice that of enzymes added as separate proteins. Moreover, the SthAbf62A_BadAbf43A fusion removed 83% of all α-L-Araf from WAX after a 20 hr treatment. 1 H NMR analyses further revealed differences in SthAbf62A_BadAbf43 rate of removal of specific α-L-Araf substituents from WAX, where 9.4 times higher activity was observed toward d-α-(1 → 3)-L-Araf compared to m-α-(1 → 3)-L-Araf positions. K E Y W O R D S α-L-arabinofuranohydrolase, activity synergy, arabinoxylan fusion enzyme, dual α-L-Araf debranching activity
contents, whereas xylan in cereal endosperm is mainly arabinoxylan ( Figure 1) (Deutschmann & Dekker, 2012; Gírio et al., 2010; Lu, Walker, Muir, Mascara, & O'Dea, 2000; Mikkonen & Tenkanen, 2012; Scheller & Ulvskov, 2010) . L-Araf residues are also found in other plant cell wall polysaccharides, including arabinan, pectin, arabinogalactan and others, representing the second most abundant pentose in plant species after D-xylose (Seiboth & Metz, 2011) . Consistent with the molecular diversity of xylans, its complete enzymatic hydrolysis typically requires the concerted action of several enzymes, including endo-β-1,4-xylanases, and β-xylosidases that target glycosidic linkages within the xylan backbone, along with α-L-arabinofuranosidases, αglucuronidases, acetyl xylan esterases, feruloyl esterases, as well as, glucuronoyl esterases, which target branching substituents present in different xylan structures (Biely, Singh, & Puchart 2016; Coughlan & Hazlewood, 1993; Gilbert, Stålbrand, & Brumer, 2008; Shallom & Shoham, 2003) .
α-L-Arabinofuranosidases (EC 3.2.1.55) have been classified into several carbohydrate-active enzyme (CAZy) families (www.cazy.org), including GH1, GH3, GH43, GH51, GH54, GH62, and GH93.
Arabinoxylan arabinofuranohydrolase (AXH) corresponds to those α-L-arabinofuranosidases displaying L-arabinose debranching activity toward polymeric arabinoxylan, and have the potential to fine tune xylan chemistry or facilitate complete xylan hydrolysis (Deutschmann & Dekker, 2012; Heikkinen et al., 2013; O'Donohue & Hahn-Hägerdal, 2012; Pitkänen, Tuomainen, Virkki, & Tenkanen, 2011) . Family GH62 α-arabinofuranosidases and several specific GH43 α-arabinofuranosidases characterized to date display AXH activity, and strict substrate specificity toward (1 → 2)-and/or (1 → 3)-linked α-L-Araf from mono-substituted Xylp residues (i.e., m-α-(1 → 2)-L-Araf, m-α-(1 → 3)-L-Araf substituents). The resulting AXH-m 2,3 activity has been rationalized by the narrow and deep active site pocket (-1 subsite) for m-α-L-Araf residue binding and cleavage observed in corresponding enzyme structures (Kaur et al., 2014; Maehara et al., 2014; Siguier et al., 2014; Wang et al., 2014) . On the other hand, family GH43 α-L-arabinofuranosidases from Bifidobacterium adolescentis (BadAbf43A), Humicola insolens (HiAXHd3), and Chrysosporium lucknowense C1(Abn7) were found to exclusively cleave α-(1 → 3)-L-Araf residues linked to disubstituted Xylp (i.e., d-α-(1 → 3)-L-Araf substituents) (Pouvreau, Joosten, Hinz, Gruppen, & Schols, 2011; Sørensen et al., 2006; Van Laere, Beldman, & Voragen, 1997 internal Araf disubstitutions in polymeric arabinoxylans was comparatively weak (Ferré, Broberg, Duus, & Thomsen, 2000; Koutaniemi & Tenkanen, 2016; Sakamoto, Inui, Yasui, Hosokawa, & Ihara, 2013) .
Applications of arabinoxylans are expected to benefit from the discovery and development of α-arabinofuranosidases able to efficiently remove α-L-Araf from both singly and doubly substituted Xylp residues (i.e., AXH-m,d activity). Herein, we present our efforts to create α-L-arabinofuranosidases for debranching m,d-α-L-Araf from arabinoxylan. First, a structure-guided, site-specific mutagenesis approach was applied in an effort to confer AXH-m,d 
| DNA manipulation
The gene encoding the mature form of BadAbf43A (Genbank ID: AY233379 from 1167 to 2756) was amplified using the forward and reverse primers P1 and P2 shown in supplementary 
| Design and construction of fusion enzymes
Overlap extension PCR was used to fuse SthAbf62A and
BadAbf43A genes in both orientations (Horton, Hunt, Ho, Pullen, & Pease, 1989) . Briefly, the coding sequence for BadAbf43A and
SthAbf62A were amplified from p15Tv-L_BadAbf43A and p15Tv-L_SthAbf62A using the primer pairs of P3/P4 and P5/P6
( Supplemental Table S1 ), respectively. The resulting PCR products were combined such that the matching sequences at their 3′ ends would overlap and act as primers for elongation to generate fusion gene BadAbf43A_ SthAbf62A. The PCR product was purified by 1% agarose gel and then transferred to into p15Tv-L by using the infusion cloning kit from Clontech. Similarly, primer pairs of P7/P8 and P9/P10 were used for SthAbf62A_BadAbf43A construction. Protein concentrations were determined using the Bradford assay (Bradford, 1976) and Bio-Rad reagents (Bio-Rad, Canada); bovine serum albumin was used as a standard. SDS-PAGE was performed and stained with Coomassie Blue R-250 and according to established procedures (Laemmli, 1970) . The Pageruler Plus Prestained Protein Ladder (10-170 kDa, Fermentas) was used to estimate protein molecular size. SthAraf62A was inactivated by adding 4.2 ml 2.0 M NaOH to the supernatant and incubating at 70°C for 10 min. The reaction was then neutralized by adding 4.2 ml 2.0 M HCl. Doubly substituted arabinoxylan in supernatant was then recovered using 95% ethanol and then freeze dried as described previously (Wang et al., 2014) .
| Production and purification of enzymes

| Preparation of WAX with only single or double α-l-Araf substitutions
| Enzyme activity assays
Activity toward various arabinoxylans (i.e., WAX, m-2,3-WAX, and d-2,3-WAX) was monitored using the Nelson-Somogyi assay for reducing sugars release (Smogyi, 1952) . The standard assay solution contained Neocallimastix patriciarum (Megazyme), and corresponding 1 H NMR spectra were obtained and processed as previously described (Wang et al., 2014) . The region between 5.48-5.39 ppm corresponds to m-α-L-
(1 → 3) Araf substituents and that of 5.29-5.23 ppm corresponds to dα-L-(1 → 2) Araf substituents (Wang et al., 2014) . However, a decrease in 
The total m,d-α-L-Araf removal from WAX was calculated using the change in peak area corresponding to the 5.48-5.23 ppm region. were also mutated to alanine in an effort to further expand α-L-Araf binding pocket ( Figure 2 ). Whereas I233 is not highly conserved, F212
was generally conserved across the GH62 family with exceptions being substitutions to W or L residues.
Compared to the wild-type enzyme, variants R239A, R239K, and R239S exhibited between 30 and 150 times lower specific activity toward native WAX and customized m-2,3-WAX, whereas the specific activity of variants R239A/F212A and R239A/I233A was reduced by between 300 and 500 times ( Table 1 ). The specific activity of the triple mutant (R239A/F212A/I233A) was even further and C3-OH in Xylp (subsite + 1) from xylotetrose (orientation 2) with a distance of 2.9 Ǻ (Figure 2b ) (Wang et al., 2014) . Altogether, the current mutagenesis study implies that R239 may play a role in positioning and deprotonating the catalytic residue E213 through ionic interactions, as well as anchoring Xylp unit (subsite + 1) through hydrogen bonding.
| Benefit of protein fusion to protein production
Prediction of AXH-m, d activity based on sequence and structure remains a challenging task. Instead, the fusion of SthAbf62A and
BadAbf43A is an alternative route to create a single enzyme with dual AXH-m,d activity (Figure 3a BadAbf43A (0.4 µmol enzyme/L) (Supplemental Table S3 ). As Table S3 ).
| General properties of the fusion enzymes displaying AXH-m, d activity
Both fusion enzymes released m,d-α-L-Araf substituents from WAX (Table 2) , thus representing a first engineered α-arabinofuranosidase with dual AXH-m,d activity. The pH optimum of SthAbf62A_Ba-dAbf43A was 7.0, which was slightly higher than that of BadAb-f43A_SthAbf62A at pH 6.5, but still within the range of the parent for SthAbf62A (Wang et al., 2014) ] (Figure 4a ). SthAbf62A_
BadAbf43A retained 40% activity after 1 hr of incubation at 55°C, whereas SthAbf62A and BadAbf43A retained 73% and 0.03% activity, respectively, under the same conditions (Figure 4b ). Like BadAbf43A, BadAbf43A_ SthAbf62A also lost all detectable activity after 1 hr of incubation at 55°C (Figure 4b) , further exemplifying the impact of domain organization on the overall stability of the fusion construct.
The effect of domain swapping on enzyme properties was also found for the fusion enzymes of xylanase and glucanase (Liu et al., 2012) .
| Dual AXH-m, d activity and synergistic action of the fusion constructs
As previously reported, SthAbf62A displayed a strict selectivity toward α-(1 → 2) and α-(1 → 3) linked α-L-Araf units to monosubstituted Xylp residues (Wang et al., 2014) ; however, its activity on m-2,3-WAX was 26% lower than that on native WAX (Table 2) 3-WAX was 35% higher than that on WAX (Table 2) . One 
| Parallel and sequential debranching of WAX by SthAbf62A_BadAbf43A
Considering enzyme stability and yield, SthAbf62A_BadAbf43A demonstrated better overall performance as compared to BadAbf43A_S-thAbf62A. SthAbf62A_BadAbf43A activity was thus further analyzed using 1 HNMR to evaluate its preference toward specific Araf substituents in native WAX substrate. Consistent with the respective specific activities of parent enzymes (Table 2) 
